Laser light scattering studies of some special polymers in solution. by Kwan, Chi Man Simon. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
M^l4 
1 
Laser Light Scattering Studies of Some Special Polymers in Solution 
( 
By 
Kwan Chi Man Simon (關志文） 
A thesis submitted to the Chemistry Division， 
Graduate School, the Chinese University ofHong Kong 
in partial fulfilment of the requirements 




Dr. Steve C.F. Au-Yeung 
Dr. Raymund W. M. Kwok 
Dr. ChiWu 
Prof. Hanjie Hu (External Examiner) 
• 
- w , « 
/ ^ ^ ^ ¾ 
p 2 2 m W8 I ) 
% A ~ U N I V E R S I T Y ~ " / M J 
N^ a^iBRARY SYSTEMy^ / 
H ^ ^ / 
/ 
Abstract 
Laser light scattering (LLS) was used to investigate the following special 
polymers: (1) two sets of high performance soluble polyimides; and (2) a series of 
optically active conjugated polyarylenes and poly(aryleneethnylene)s. 
Two sets of broadly distributed soluble high performance polyimides 
synthesized from 2,2'-bis(3,4'-dicarboxyphenyl)hexafluoro-propane dianhydride 
(6FDA) and 2,2'-(trifluoromethyl)-4,4'-diaminobiphenyl diamine (PFMB), and from 
2,2'-bis(trifluoromethyl)-4,4',5,5-biphenyl-tetracarboxylic dianhydride (HFBPDA) and 
2,2'-(trifluoromethyl)-4,4'-diaminobiphenyl diamine (PFMB) were investigated by 
static and dynamic LLS in THF at 30°C. Weight-average molar mass Mw, second 
• 2 1/2 
virial coefficient A2 and root mean square z-average radius of gyration <Rg >z (or 
simply <Rg>) were obtained by static LLS. The z-average translational diffiision 
coefficient <D> or average hydrodynamic radius <Rh> was obtained by measuring the 
intensity-intensity time correlation fimction G(2)(t) in dynamic LLS. A method of 
combining static and dynamic light scattering enables us to obtain the calibrations of 
D (cm2/s) = 2.41 X W^M -^^ ^^  and D (cmVs) = 6.16 x 10_4M"0.656 respectively for 
6FDA-PFMB and HFBPDA-PFMB, where D and M are the translational diffusion 
coefficient and the molar mass for monodisperse species, respectively. With these 
calibrations, we can convert each translational diffiision coefficient distribution G(D) 
into a corresponding molar mass distribution fw(M). The persistence length were 
found to be 3.3 and 4.5 nm respectively for 6FDA-PFMB and HFBPDA-PFMB on 
the basis of the Kratky-Porod wormlike chain model. In addition, <Rg>/<Rh> � 
(1.7-1.9) shows that they are in coil conformation. We concluded that, although there 
i 
> 
exist rigid segments in their backbone chains, these polymers behave as an expanded 
random coil in solution. 
A series ofoptically active conjugated polyarylenes and poly(aryleneethnylene)s 
were characterized by a combination of laser light scattering and off-line gel 
permeation chromatography (GPC) using only one broadly distributed sample. This 
method enables us to obtain not only Mw, A2, <Rg>, <D> and <Rh>, but also two 
calibrations: V = A + Blog(M) and D = kjM'^^ for each of the polymers, where V is 
the elution volume, and A, B, kDand a^ are calibration constants. With these 
calibrations, we were able to transform C(V) from GPC or G(D) from dynamic LLS 
to fw(M), where C(V) is the distribution of the elution volume in GPC. Comparing Mw 
measured from LLS with that from GPC shows that the calibration of the GPC 
column by polystyrene standard was improper because the polystyrene standard and 
the polymers studied have quite different chain conformations in solution. The fact 
that ocD = 1 indicates that all the conjugated polymers studied have a rigid-rod chain 

















(0卩〔)联用，我们不但得到聚合物的Mw, A2, <Rg'>z' ', <0>和<1>,而且还得到 
淋洗体积(乂)与分子量M的校正关系V = A + Blog(M),以及扩散系数与分子量 
的关系D = kjM^,其中〜B，kD ^aD是关系常数.采用这些校正关系，我们 
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Polyimides have been used in the electronic and aerospace industry due to their 
excellent thermal, chemical, electrical and mechanical properties. Recently, it has been 
found that the cost and the performance of liquid crystal displays can be greatly 
reduced and improved by introducing a thin film of polyimide in the display. 
Therefore, the molecular parameters, such as molar mass, size and polydispersity are 
very important to the development of polyimides. However, polyimides normally are 
not soluble in common organic solvent because they are usually very rigid. In the past, 
the molecular parameters of insoluble polyimides had to be estimated from their 
precursors. The estimation has some problems, such as the polyelectrolytes effect in 
the precursor solution and the structure discrepancy between the precursor and final 
polymer. Recently, direct light scattering investigations can be achieved because 
soluble high performance polyimides have been developed by introducing some side 
groups, such as -CH3 and -CF3, in the polymer chain to twist the aromatic imide rings 
and the phenyl groups, and some joints, such as -0- and -CH2-, to separate the 
aromatic imide rings and the phenyl rings. 
Chiral conjugated polymers are a class of potentially use&l materials. There are 
two kinds of conjugated polymers: one has its chirality derived from the side-chain 
chiral substituents and the other one consists of inherently chiral configuration in the 
main chain. The latter may be applied to the area of asymmetric electrosynthesis, 
polarized photo- and electroluminescence, enantioselective sensing and asymmetric 
1 
catalysis. The optimization of the synthesis and development of various applications 
ofthe these polymers requires the characterization oftheir molecular parameters, such 
as molar mass distribution and chain flexibility. A combination of off-line laser light 
scattering and gel permeation chromatography is very suitable for characterizing these 
polymers because it requires only one boardly distributed sample where well-
fractionated samples of these polymers are not easily obtained. 
In the last two decades, light scattering has been developed into a very powerful 
tool to investigate the molecular parameters of polymers in solution, such as molar 
mass, interaction parameter and the size. It has become a common routine method in 
academic research and industrial development to characterize polymers and colloids. 
Owing to the development of lasers and advance electronic devices, dynamic light 
scattering has been well developed to probe the Brownian and internal motions of 
polymers in solution. Nowadays, a combination of static and dynamic light scattering 
can lead not only the weight-average molar mass Mw, the second virial coefficient A2, 
the root mean square average radius of gyration <Rg>, z-average translational 
diffusion coefficient <D> and average hydrodynamic radius <Rh>, but also a 
calibration between D and M, i.e., D = knM'^ ^, where D and M are for monodisperse. 
With this calibration，we can transform translational diffusion coefficient distribution 
G(D) into molar mass distribution fw(M). Furthermore, a combination of laser light 
scattering and gel permeation chromatography can simultaneously lead to two 
calibrations: V 二 A + Blog(M) and D = kjM^^ by using only one broadly distributed 
polymer sample, where V is the elution volume. With these calibrations, we again can 
obtain molar mass distribution fw(M) from C(V) in GPC or G(D) in dynamic LLS, 
where C(V) is distribution of elution volume. 
2 
This thesis has been arranged in the following order. Chapter 2 presents the 
basic theories of laser light scattering, gel permeation chromatography, polymer 
dynamics and data analysis. 
Chapter 3 describes the instrumentation of laser light scattering, differential 
refractometer and gel permeation chromatography. 
Chapter 4 summarizes the LLS studies oftwo sets ofhigh performance soluble 
polyimides synthesized from 2,2'-bis(3,4'-dicarboxyphenyl)hexafluoropropane 
dianhydride (6FDA) and 2,2'-(trifluoromethyl)-4,4'-diaminobiphenyl diamine (PFMB) 
(6FDA-PFMB), and from 2,2'-bis(trifluoromethyl)-4,4',5,5'-biphenyl-tetracarboxylic 
dianhydride (HFBPDA) and 2,2'-(trifluoromethyl)-4,4'-diaminobiphenyl diamine 
(PFMB) (HFBPDA-PFMB) in THF at 30"C. 
Chapter 5 discusses the characterization of various polyarylenes and 
poly(aryleneethnylene)s in THF at 25�C by using a method of combining off-line laser 
light scattering (LLS) and gel permeation chromatography (GPC). 





In our daily life, the light scattering happens everywhere. For example, the blue 
color of sky is resulted from the fact that the blue light composed in the sun light is 
scattered much more by the particles in the atmosphere. Often, we see or measure a 
time-averaged scattered light intensity, i.e., static light scattering, which will be 
discussed in section 2.1. Static light scattering has been widely used to investigate the 
static properties of polymers in solution, such as molar mass, size and conformation. 
In reality, the frequency of the scattered light is slightly different from that of the 
incident light because of the Brownian motion of the polymer chains in solution. 
Therefore, the measurement of this small frequency shift enables us to probe the 
dynamics of polymer chains in solution such as the translational and rotational 
diffiision processes and the internal motions of a polymer chain. This method is often 
called quasi-elastic light scattering. In practice, instead of measuring the shift in 
frequency, we measure the intensity fluctuation in time domain. This is why it is also 
often called dynamic light scattering. The detailed theories ofboth static and dynamic 
laser light scattering is discussed in appendix. 
Gel permeation chromatography (GPC) is a mostly used method for the 
determination of the molar mass distribution of polymers, which will be outlined in 
section 2.3. The bulk properties of polymers are related to the flexibility of polymer 
chains. In section 2.4，we will present some basic theories of the flexibility of polymer 
chains in solution. In section 2.5, we will detail a method of combining static and 
4 
dynamic light scattering results. Finally, a well-established procedure of combining 
laser light scattering and off-line gel permeation chromatography will be illustrated in 
section 2.6. 
2.1 Static laser light scattering (Static LLS). In static LLS, the angular dependence 
of the excess absolute time-averaged scattered intensity, known as the excess 
Rayleigh ratio, Rw(q), was measured. For a dilute polymer solution measured at a low 
scattering angle, Rw(q) can be related to the weight-average molecular weight, Mw, 
the second virial coefficient，A2, and root mean square z-average radius of gyration 
<Rg^ >z^ ^^  (or simply written as <Rg>), as^  
^ « + ( 1 + ^<R^zQ^) + 2A.C (2.1.1) 
Rvv(q) Mw 3 
where K = 47i'n'(dn/dC)' /(N^A；) and q = (47in/Xo)sin(e/2) with NA, dn/dC, n 
and Xo being Avogadro number, the specific refractive index increment, the solvent 
refractive index and the wavelength of light in vacuo, respectively. Measuring Rw(q) 
at a set of C and q，we are able to determine Mw, <Rg>, and A2 from a Zimm plot 
which incorporates the extrapolation of q — 0 and C ~> 0 on a single grid. 
2.2 Dynamic laser light scattering (Dynamic LLS). In dynamic LLS, a precise 
intensity-intensity time correlation function G(2)(t,q) in the self-beating mode was 
measured and G(2) (t，q) is related to the normalized first-order electric field time 
correlation function, g(” (t,q) as 飞 
G(2)(t,q) = <I(t，q)I(0，q)> = A[1 + 3|§山仏9)|2] (2.2.1) 
5 
where A is a measured base line; P，a parameter depending on the coherence of the 
detection; and t，the delay time. It is known that for a polydisperse sample g("(t,q) is 
2 
related to the line-width distribution G(F) by 
g(i) (t，q) = < E (t, q) E* (0，q) > = i： G(F) e_n dT (2.2.2) 
The Laplace inversion program CONTDs[ was used normally to convert G(2)(t,q) to 
G(r).The line width T leads to the z-average translational diffusion coefficient D at C 
^ O b y t h e E q . (2.2.4)''' 
r / q2 = D (1 +kdC) (1 + /<i^g2>zq2) (2.2.3) 
where ka and f are constant. 
2.3 Gel Permeation Chromatography (GPC)^ 
GPC is a very convenient tools to measure molar mass M and molar mass 
distribution f(M) of polymers. GPC is very similar to high performance liquid 
chromatography. The main difference is only the material packed in the column. In 
GPC, the porous material is divided into small particles (10-1000 i^m) and packed 
into a chromatographic column. The particles are porous and their size is the main 
characteristic of the column. Quite different materials are used. For aqueous solutions， 
the original gels were manufactured from cross-linked dextrin. For larger pores, low 
concentrated agarose gels are used. 
The principle of GPC is simple. The solvent in the system is present in between 
the gel particles and inside the pores. When a solute with small molecules is added, it 
follows the solvent in both places. However, large solute molecules cannot penetrate 
into the pores and are forced to stay outside. Molecules of intermediate size can enter 
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Figure 2.3.1 A schematic description of the partitioning effect of pores on the 








Figure 2.4.1 A segment of a persistent chain 
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The distribution of the solute inside and outside of the gel is a typical partition 
phenomenon. 
In the column, the volume of the solvent exterior to the gel particles is V。； the 
internal volume of the pores is Vi. When a small amount of a polymer solution is 
applied on the column and is eluted in the usual way, the newly introduced solvent 
together with very small molecules is eluted after volume Vt 二 V �+ Vi has passed 
through the column. Very large particles cannot penetrate into any pores; they travel 
faster than the solvent and elute with V �a s their elution volume. The elution volume 
Ve of intermediate particles is 
Ve = Vo + aVi (2.3.1) 
where a is the fraction of the internal volume accessible to the solute and depends on 
the nature ofthe gel and on the size of the solute molecules. 
At the column outlet, a detector is equipped and usually registers some relevant 
properties of the elute. Ultraviolet spectrophotometers are very useful with UV-
transparent solvents. Refractometry is used most often. All solutes exhibit an 
increment of refractive index that is proportional to the concentration of the solute. 
Nowadays, the combination of a refractometer and a low-angle laser light scattering 
spectrometer is a very powerful tools which is able to simultaneously measure the 
concentration and molecular weight as a function of the retention volume. 
Using GPC to measure molar mass and molar mass distribution needs the 
calibration of the GPC column. It normally requires a set of narrowly distributed 
8 
polymer samples which are rather difficult, if not impossible, to obtain in practice. 
This is why polystyrene standards are often used if the polymer studied has a similar 
chain conformation in solution. Sometimes, the conformation of the polymer 
investigated is different from the calibration standard used, incorrect molar mass may 
be obtained. However, the most powerful characteristic of GPC is its ability to 
measure the molar mass distribution. The elution volume distribution is transformed 
into molar mass distribution by using the calibration curve. Once the distribution is 
obtained, different kind of averaging molar mass can be then calculated by 
<M>= J： fn(M)MP dM / J： f ; ( M ) M " dM (2.3.2) 
where P can be an integer number, such as P = 1 for the number-average molecular weight 
QAjy), P = 2 for the weight-average molecular weight OVLw) and p = 3 for intensity-average 
(or z-average) molecular weight (Mz). 
2.4 Chain Flexibility^ 
In order to improve the performance of polymers and to understand the 
macroscopic properties of polymers, it is necessary to determine the flexibility of 
polymers in solution. Polymers exhibit conformations ranging from tight coils to 
highly extended structures such as rigid rods. The parameters and the methods used 
for evaluating the degree of chain flexibility are usually different for flexible and rigid 
chains. Therefore, we will discuss them in two sections. 
2.4.1 Flexible chains: For flexible polymers the most common parameter used is 
Flory's^'^ characteristic ratio Coo, which is defined as 
C m “ m ^ = [ < h 2 > � 2 Z M ] m� (2.4.1) 
“ N ^ c o ml £l 
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where <h^>o, the unperturbed (in theta condition，A2=O) mean-square end-to-end 
distance; N, the number of main chain bonds of length 4； M, the molar mass of the 
polymer; and nio, the average mass per main chain bond. The value of Coo is a 
quantitative measure ofthe effect ofhindered rotation about the main chain bonds and 
fixed bond angles on <h^>. For a freely jointed chain, which has neither rotational 
hindrance nor bond angle restrictions, <h^> is equal to m^'^^. Thus, a value of Coo is 
equal to 1 for freely jointed chain, and larger Coo values indicates that the polymer is 
less flexible. 
The relative contributions of fixed angles can be elucidated by modification of 
freely jointed chain model. EryingU showed that when N is very large <h^> can be 
calculated as 
< h 2 > = ( N O ( S (2.4.2) 
where 6i is equal to 180° minus the fixed bond angle. Thus, for polyethylene 
backbone cos 9 = 0.333 and <tf> = 2N4^ with fixed tetrahedral bond angles for a 
2 
saturated hydro- carbon backbone being expected to double <h >. 
In light of above, an alternative chain flexibility parameters, which is commonly 
used, is the conformation (steric) factor a 
a = (<h2>oi") ( < h W Y (2.4.3) 
which is obtained from the experimental <h^>o value (measured in theta condition) 
and the <h^> value calculated from freely rotating chain i.e., <h^>f. a provides a 
measure ofthe relative increase in end-to-end distance brought about by hindrances to 
rotation only. Obviously, Coo and a are related for tetrahedral hydrocarbon backbones 
by 
10 
C. = 2a^ (2.4.4) 
The effect of restricted rotation can be taken into account by introducing an 
additional term into eqn.(2.4.2). If the hindering potentials are mutually independent 
for neighboring bonds and symmetrical/^'^^ <h^> becomes 
f \ f \ 
, . 1 + COS0 1 + < COS() > , � . _. 
< h ^ > = ( m l ) r " (2.4.5) 
U - cos6A 1 一 < cos$ > 
HevQ <cos 4» is the average rotation angle (c|) = 0 for trans). 
From eqn. (2.4.1), the evaluation ofcharacteristic ratio requires measurement of 
the unperturbed dimensions of the polymer chain. Two common techniques for 
measuring unperturbed dimensions are laser light scattering and viscometric 
measurements on dilute polymer solutions. Macromolecular dimensions in solution 
are effected by both long range (excluded volume) and short range, which are the 
bond angle restriction and hindered rotation. In thermodynamically good solvents, 
where solvent/polymer-segment interactions are favored, the chain will expand to 
enhance these interaction and minimize polymer/ polymer interactions, namely 
“excluded volume effect". Conversely, in a thermodynamically poor solvent the chain 
will contract to minimize unfavorable polymer/solvent interactions. Flory^^ predicted 
that for polymer chain in dilute solution there would be exist an ideal or unperturbed 
state at which the so-called theta (6) condition. Here, through a appropriate choice of 
solvent and temperature, the chain segments to interact with other chain segments and 
with solvent is balanced (at that time，the second virial coefficient A2 is equal to zero). 
Flory suggested that polymer chains in solution is at the theta condition and those in 
the bulk amorphous state should exhibit, at least approximately, identical 
conformations. 
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In light scattering, unperturbed dimensions is easily measured. By measuring a 
dilute solutions of a polydisperse polymer, the weight average molar mass Mw, the 
root mean square z-average radius of gyration <Rg >^'^, and the second virial 
coefficient A2, which is a thermodynamic interactions，can be probed by using eqn. 
(2.1.29). IfA2 is equal to zero then the value of<Rg^>z will be < Rg^ >oz, that is the 
unperturbed value. Molar mass heterogeneity is an important consideration here, 
since the use of eqn. (2.1.29) for polydisperse material will give a weight average 
molar mass, Mw, but a z-average size <Rg^ >z. Thus, in working with polydisperse 
materials it is important to correct for polydispersity effects. 
However, laser light scattering experiments are not conducted under theta 
conditions. This may be because theta conditions are not known or because of the 
great ease associated with conducing light scattering measurements in good solvents. 
Baumann proposed^^ an equation to find out <Rg^ >o 
(< ^ \ > /M)3/2 二 (< R2 >�/M)3/2 + BM"2 (2.4.6) 
where B is the excluded volume parameter. Eqn. (2.4.6) suggests that <Rg^>oM may 
be evaluated by extrapolating good solvent values (<Rg^ >oM)^ ^^  versus M^ ^^  to M^^ 
=>0. Experiments have shown that eqn. (2.4.6) cannot be applied to those chains with 
high excluded volumes. Once <Rg^ >o is calculated by eqn. (2.4.6), <h^>o can be 
transformed by 
< h 2 > o = 6 < R , > o (2.4.7) 
Hence, C«, can be obtained via eqn. (2.4.1). It should be noted that eqn. (2.4.7) is 
valid in the case of the coil conformation. 
2.4.2 StifT chains: The Kratky-Porod wormlike chain model^ '^^ ^ is widely used for 
describing conformational characteristics of less flexible chains. The polymer is 
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viewed as a semi-flexible (or worm) of overall "contour length" L with a continuous 
curvature. The chain is divided into N segments of length AL, which are linked at a 
supplementary angle v|/. The persistence length q ( Figure 2.4.1) is defines as^ ^ 
q= Lim ^ ^ ^ (2.4.8) 
V^^O,AL^O 1 - COS y/ 
and is thus a measure of the tendency for segments in the polymer chain to 
"remember" the orientation of adjoining and other segments in the chain. Wormlike 
chains will exhibit conformations ranging between random coil and rigid rods 
depending on the ratio of L/q. Therefore, q provides a measure of chain stiffness. 
Furthermore, it can be shown that at large L a wormlike chain becomes Gaussian and 
q is related to the mean square average end-to-end distance 
q = <h'>/2L (2.4.9) 
As with flexible chains, most studies of conformational behaviour of stiffchains 
have involved light scattering and intrinsic viscosity studies of dilute polymer 
solutions. Excluded volume effects are not significant for stiffer chains, so measured 
persistence lengths usually show slightly dependence on the solvent. However, the 
excluded volume effects become measurable when chain are very long (L > 100 q) 
because it is easier for one segment to touch the others in the same polymer chain. 
Thus, the choice of solvent is normally of less importance in studying the 
conformation ofstiffchains than it is for flexible ones. Benoit and Dotty^^ have related 
q and <Rg^ > by the equation 
<Rg2> = q2 [l/3(L/q) - 1 + (2qA.) - (2q'/L^) [1 - exp( - L/q)]] (2.4.10) 
Hence, measurement of <Rg^ > by light scattering leads directly to q. 
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2.5 Calibration between translational diffusion coefficient D and molar mass M 
2.5.1 Conversion between Line-Width and Molar Mass Distributions: It is well-
known in polymer science that for the first-order approximation the translational 
diffusion coefficient D can be related to molecular weight M by^ ^ 
D - k^M""- (2.5.1) 
where ko and ocD are two scaling constants whose values depend mainly on polymer 
chain conformation and solvent quality. For a flexible polymer chain, 0.5 < otD < 0.6 in 
a good solvent and ao = 0.5 in a Flory 0 solvent; for a rigid rod-like chain, otD = 1； 
and for a semi-rigid worm-like chain, 0.6 < ocD < 1. According to the definition，in 
dynamic LLS, 
:^�(t)]t—o =< E(t)E*(0) >t^o = l : 0 ( r ) d r oc< I > (2.5.2) 
where <I> (= <I>soiution - <I>soivent) is the net average scattering intensity. On the other 
hand, in static LLS, when C — 0, and q — 0， 
Rw(q~>0)工 < I > t M^ oc 1^ f^(M)MdM (2.5.3) 
where fw(M) is a differential weight distribution. A comparison ofEqs. (2.5.2) and 
(2.5.3) leads to 
,o"G(r) d r c^ f fw ( M ) M d M (2.5.4) 
where G(r) oc G(D) and dY x dD because T = Dq^ Therefore, Eqn. (2.5.4) can be 
rewritten as 
l ; G ( D ) ^ dMc^J； fw(M)M dM (2.5.5) 
On the basis ofEqn. (2.5.1), we can rewrite Eqn. (2.5.5) as 
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2 
fw(M) oc ^ ^ - G ( D p i + G (2.5.6) 
where all proportional constants have been omitted because they are irrelevant to a 
given distribution. According to Eqs. (2.5.1) and (2.5.6), the values ofko and ao are 
needed to transform D to M and G(D) to fw(M). 
It should be emphasized once more that the molar mass distribution obtained in 
this way will be an estimate of the real molar mass distribution because dynamic laser 
light scattering is not a fractionation method and the Laplace inversion is not unique 
especially when the noise level in the measured time correlation function is high. Even 
with a number of recently developed excellent Laplace inversion programs, this is still 
an experimental problem, not a mathematical one. This is why it is crucially important 
to get a clean ("dust-free") solution before a laser light scattering measurement. 
Experimentally, we have to try our best to clarify the solution to ensure that the 
relative difference between the measured and calculated baselines is no more than 
0.1%. 
2.5.2 Using a Set of Narrowly Distributed Standards: The most straightforward 
calibration method would be to measure both D and M of a set of monodisperse 
samples with different molecular weights. Actually, in a real experiment, the 
monodisperse samples have to be replaced by a set of narrowly distributed standards 
made either directly from special polymerization methods or indirectly from the 
fractionation of a broadly distributed sample. However, it should be noted that only a 
few kinds of polymers, e.g., polystyrene and poly(methyl methylacrylate), can be 
directly made with a narrow molecular weight distribution (MwMn �1 . 1 ) . On the 
other hand, the fractionation is very time consuming, if not impossible. Thus, the 
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application of this straightforward method is very limited in practice. Therefore, 
special analytical methods have to be developed to calibrate or scale the translational 
diffusion coefficient D and molar mass M from broadly distributed samples. 
2.5.3 Using Two or More Broadly Distributed Samples:^ ^ It has been shown that 
a combination of static and dynamic laser light scattering can establish a calibration 
between D and M from two or more broadly distributed samples. The principle is 
outlined as follows. According to the definition ofMw and on the basis ofEqs. (2.5.1) 
and (2.5.6), we have 
DLS 一 f： Fw (M)M dM 一 k p i � t G ( D ) d D _ k , � 
M—cd 二 j- F^(M) dM 一 J;G(D)D^^"MD 一 J;G(D)D^^"MD . 
where we have used the normalization condition: J^ "^ G(D)dD = 1. On the basis ofeqn. 
(2.5.7), for two samples 1 and 2，we have 
nvfDLs � “ . , 
�二 = [j;G2(D)D^^"MD] / [j;Gi(D)D^/"MD (2.5.8) 
(^w,caicd)2 
For a given polymer sample, M^ ^^ ^^ ^^  calculated on the basis of G(D) from dynamic 
LLS should equal to Mw,measd measured directly from static LLS. It is expected that a 
proper choice of ocD should lead to a minimum difference between [(Mw,1)/(Mw,2)]caicd 
and (Mw,1)/(Mw,2)]measd，which is actually done by iterating a^ in a computer program. 
2.6 Calibration by off-line GPC, Static and Dynamic LLS 
Using static laser light scattering apparatus as an on-line GPC detector has been 
known for a while. Here, we intend to illustrate a less known method of combining 
the GPC and LLS results. The basic principle is as follows: 
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There is a similarity between dynamic light scattering and gel permeation 
chromatography (GPC), namely both the translational difEision coefficient D obtained 
in dynamic LLS and the elution volume V measured in GPC are related to the 
hydrodynamic size, or the molar mass, of a given macromolecular sample. For the 
first-order approximation, 
V = ^ +51og(M) (2.6.1) 
where A and B are two calibration constants similar as ko and ocD. It should be noted 
that the first-order approximation will simplify, but not affect, the following 
discussion: A combination of eqs. (2.5.1) and (2.6.1) leads to 
V = ^ +51og(D) (2.6.2) 
where A = A + B log(kD)/ocD and B = -BlosQ. Further, by taking the square ofboth 
sides ofeqn. (2.6.2), we have 
V' = A^ + 2AB log(D) + B^ log^(D) (2.6.3) 
After integrating both sides of eqs. (2.6.2) and (2.6.3), we have 
<V> = A + B <log(D)> (2.6.4) 
and 
<y2> = A^ + 2AB <log(D)> + B^ <log2(D)> (2.6.5) 
where 
<V> = f VC(V) dV and <V"> = f V'C(V) dV (2.6.6) 
which can be calculated directly from C(V), and 
f: log(D)C(V) dV 
<log(D)> 二 "^ "7；^  




f log2(D)C(V) dV 
<log2(D)> = o f : “ ^ (2.6.7) 
1 C(V) dV 
On the other hand, since C(V) is a weight (or concentration) distribution, we have 
::C(V)dVoc j ; fw(M)dMocf fw(M)Md[log(M)] (2.6.8) 
Using dV oc d[log(M)] oc d[log(D)] and eqn. (2.6.8), we have 
1+丄 
C(V)ocf^(M)M oc G(D)D +aD (2.6.9) 
so that eqn. (2.6.7) can be rewritten as 
�log(D)G(D)D"aDdV 
<log(D)> = ^ ^  
呂 �^ J； Gp)D"aDdV 
and 
, " " l o g 2 p ) G p ) D " W V 
<log'(D)> = 0 , (2.6.10) 
g U J ^ G p p i ^ d V 
Using eqn. (2.6.9), we can calculate Mw from C(V) by 
M=icd - f:Fw(M)MdM :ki，J^�(A-vy(aD«)c(v)dV (2.6.11) 
, J^  F^(M)dM 
where we have used j^C(V)dV 二 1. For a given polymer sample, M^^ ^^ i^ ^ should be 
equal to M^^d，i.e., on the basis of eqs. (2.5.7) and (2.6.11)，we have 
f:10(A-v)/(ocDB>c(v) dv] [j;GO))D^^^MD] = 1 (2.6.12) 
This is only one unknown parameter ao in eqn. (2.6.12). For a chosen otD，we can first 
calculate <log(D)> and <log^(D)> using eqn. (2.6.7); then solve A and B on the basis 
ofeqs. (2.6.4) and (2.6.5); and finally calculate the left side of eqn. (2.6.12). By 
iterating ocD, we can find a proper value ofotD which minimizes the difference between 
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the left and right sides ofeqn. (2.6.12). With this ao, we can calculate ko from either 
eqn. (2.5.7) or (2.6.11) by using M^ determined directly from static LLS and G(D) 
from dynamic LLS or C(V) from SEC. With A，B，ko and otD, we are ready to 
calculate A and B. In this way, we can calibrate not only M with V, but also M with D 
in one single process with only one broadly distributed sample. 
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3.1 Laser Light Scattering Instrumentation 
A modified commercial light-scattering spectrometer (ALV/SP-125) equipped 
with an ALV-5000 multi-x digital time correlator and an solid state laser for the 
characterization ofpolyimides (ADLAS DPY 42511，output power » 400 mW at 入。= 
532.8 nm) or with an Helium neon laser for the characterization of polyarylenes and 
poly(aryleneethnylene)s (Spectra-Physics 127, operated at a wavelength of 632.8 nm 
and output power « 25 mW) as the light source (Figure 3.1.1) was used. By this 
spectrometer, both static and dynamic light scattering measurement can be done. The 
primary beam is vertically polarized. A compensated beam attenuator (Newport M-
925B) was used to regulate the incident laser light intensity to avoid possible localized 
heating in the light-scattering cuvette. The cell contained dust free sample solution 
was put in the index matching vat, in which the temperature is controlled by NESLAB 
RTE-210 refrigerated bathA:irculator. The intensity of scattered light was detected by 
THORN EMI photomultiplier tube for counting the number of photons. In static LLS, 
the instrument was calibrated with toluene to make sure that the scattering intensity 
from toluene has no angular dependence in the range of 15° - 150°. The intensity-
intensity time correlation functions (dynamic LLS) were measured by an ALV-5000 
multiple-T digital correlator. The correlation functions were accumulated until the net 
photon count was beyond 10^  per second. The difference between the measured and 








































































































































































































































































































































































































































































































































































at 25.0 士 0.1 and 30.0 士 0 . 1 � C for polyarylenes and poly(aryleneethnylene)s, and 
polyimides respectively. 
3.2 Refractive index increment measurement 
All specific refractive index increments (dn/dc) were determined by a recently 
developed differential refractometerV In this novel refractometer, a small pinhole 
with a diameter of 400 i^m is illuminated with a laser light (Figure 3.1.1). The 
illuminated pinhole is imaged to a 6 mm position-sensitive detector (Hamamatsu 
S3932) by a lens located in equal distance between the pinhole and the detector. The 
distance between the detector and the pinhole is four times the focal length (f = 10 
cm) ofthe lens, i.e., a (2f- 2f) optical design have been used instead ofa conventional 
(lf) design where a parallel incident light beam is used, and the distance between the 
detector and the lens is only one focal length. This (2f-2f) design is optically 
equivalent to placing the detector directly behind the pinhole, so that the laser beam 
drift is eliminated. A refractometer cuvette (Hellma 590.049-QS, with 60° partition 
to two chambers) is placedjust in front of the lens. The pinhole, the cuvette, the lens, 
and the detector are rigidly mounted on a small optical rail. The refractometer has 
dimensions ofonly 40 cm in length, 15 cm in width，and 10 cm in height. The output 
voltage of the detector is proportional to the displacement of the light spot from the 
center of the detector caused by the refractive index difference between the polymer 
solution and the solvent. The detector resolution is 0.2^im, which corresponds to 
resolution of 10'^  in the refractive index measurement. This refractometer has been 
incorporated into the laser light-scattering spectrometer, wherein the same laser has 
been used as the light sources in both the laser light-scattering spectrometer and 
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differential refractometer. Thus, the problem of wavelength correction is eliminated. 
In comparison with a conventional differential refractometer where a micrometer is 
normally used to read the beam displacement, the use of the position-sensitive 
detector together with the data acquisition system (a 16-bit analog-to-digital data 
acquisition card (National Instrument)) not only increases the accuracy of measured u 
but also makes a large amount ofmeasurements possible and easier. The temperature 
of the cuvette was precisely controlled by YSI Proportional Temperature Controller 
(Model 72). 
For each measurement, the reading of the position-sensitive detector was set 
zero by filling both sides of the cuvette chambers with solvent. Afterward, the 
solution was filled into the solution chamber, and then the difference in the refractive 
index (An) between the solution and solvent was recorded. After each measurement, 
both sides ofthe cuvette was filled with solvent to check the zero point. The value of 
dn/dC was obtained from the slope of the graph of An against concentration of the 
sample. 
3.3 Gel permeation chromatography 
Polyarylenes and poly(aryleneethynylene)s were also characterized by the GPC. 
One Ultrastyragel 500A (7.8 x 300 mm, Part no. 10571) and two Ultrastyragel linear 
(7.8 X 300 mm, Part no. 10681) GPC columns calibrated by polystyrene standards 
together with a Waters 510 HPLC Pump and a Waters 410 Differential Refractometer 
were used. THF was used as eluent and the flow rate was 1.23 mL/min. The 
concentration ofthe samples are ca. 2 - 5 mg polymer in 5 mL THF. The temperature 
of the columns was kept at 40 °C. 
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Chapter 4 
Laser Light Scattering Studies of Soluble 
High Performance Fluorine-containing Polyimides 
4.1 Introduction 
Aromatic polyimides have been being widely used in making films, coatings, 
fibers and adhesives due to their high thermal stability and excellent mechanical 
propertiesi'2. Recently, polyimides with low dielectric constant, low water absorption 
and low thermal expansion have been applied to electronic devices^. Therefore, 
investigating microscopic parameters of polyimide chains is very important to the 
development of more advanced polyimide related materials.. 
However, it is hard to dissolve polyimides in common organic solvents because 
of their chain stiffiiess, which hinders the study of their solution properties. In the 
past, the molecular parameters ofinsoluble polyimides had to be estimated from their 
precursors, i.e., from polyamic acid formed in the first stage ofthe reaction between 
diamines and anhydrides. The estimation has some problems, such as the 
polyelectrolytes effect in the precursor solution and the structure discrepancy between 
the precursor and final polymer^ ，=. 
Recently, soluble high performance polyimides have been developed '^^ . The 
dissolution is achieved by introducing some side groups, such as -CH3 and -CF3, in 
the polymer chain to twist the aromatic imide rings and the phenyl groups in order to 
decrease the chain-to-chain interaction. In addition, some joints, such as -0- and -
CH2-, are used to separate the aromatic imide rings and the phenyl rings so as to 
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increase the chain flexibility. Recent investigations have shown that introducing the 
fluorinated groups, the refractive index, water absorption and dielectric constant of 
polyimides are significantly reduced^"^^ which is important to the development of 
electronic devices. 
In this study, two kinds of polyimides, 6FDA-PFMB and HFBPDA-PFMB, 
were made individually by a one-step polycondensation of 2,2'-bis(3,4'-
dicarboxyphenyl)hexafIuoro-propane dianhydride (6FDA) and 2,2'-(trifluoromethyl)-
4,4'-diaminobiphenyl diamine (PFMB), and of 2,2'-bis(trifluoromethyl)-4,4',5,5'-
biphenyltetracarboxylic dianhydride (HFBPDA) and 2,2'-(trifluoromethyl)-4,4'-
diaminobiphenyl diamine (PFMB) respectively^ '^^ ^ In comparison with the 
conventional two-step reaction, higher molar mass polyimides were obtained. The 
structure of6FDA-PFMB and HFBPDA-PFMB are as follows: 
“ 〇 〇 C F -
-《取取：'>^ -^
II / � � �\ ^ / 
0 F3C C F 〇 F3C 
L 3 n 
6FDA-PFMB 
〇 
� ^ T ^ C F 3 � cF 
一 - N ( J II _ / 3 
/ ^ : > - # ^ -
F3C V ^ / 
0 F3C 
_ J n 
HFBPDA-PFMB 
The backbone of these polyimides contain four trifluoromethyl groups, which 
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enhances their solubility in common organic solvents, such as tetrahydrofiiran (THF) 
and methyl ethyl ketone (MEK). 
4.2 Sample Preparation 
Synthesis of6FDA-PFMB and HFBPDA-PFMB has been described before^ '^^ ^ 
Five 6FDA-PFMB and seven HFBPDA-PFMB fractions were obtained using a 
Waters Fraction Collector in conjunction with a Waters 150 CV chromatography 
system consisted ofa series offour Waters Ultrastyragel columns in the order of 10^ 
10^ 10^ and 10^  nm, wherein ACS regent grade THF was used as the mobile phase 
and the flow rate was 1.0 mL/min. The collected fractions were transferred into flasks 
to evaporate the solvent and were dried in vacuum for 24 hours at 125 °C prior to the 
experiments. According to the fractionation order, they were termed as, for 6FDA-
PFMB: 6FDA-1, 6FDA-2, 6FDA-3, 6FDA-4 and 6FDA-5; for HFBPDA-PFMB: HF-
1，HF-2, HF-3, HF-4, HF-5, HF-6 and HF-7 hereafter. Analytical reagent grade THF 
as solvent was dried by sodium and then distilled under nitrogen before use. All 
polymer solutions were clarified at room temperature using 0.5-^un PTFE membrane 
filter. 
4.3 Results and Discussion 
Figure 4.3.1 shows a typical plot ofthe refractive index increment (An) versus 
concentration (C) for 6FDA-PFMB and HFBPDA-PFMB in THF at 30 °C. A least-
square fitting of the lines leads to a specific refractive index increment (dn/dC)= 
0.182 士 0.002 mL/g and 0.148 士 0.002 mL/g for 6FDA-PFMB and HFBPDA-PFMB 
















































































































































































































































depend on the square of dn/dC, so that the accurate dn/dC value obtained in Figure 
4.3.1 has ensured a good characterization ofMw and A2. 
Figure 4.3.2 shows a typical Zimm plot for the both polyimides fractions in THF 
at 30 °C. From each Zimm plot, we were able to determine the values ofMw, <Rg> 
and A2 respectively from the extrapolations of [KC/Uw(q)]c^o,e^o, [KC/^w(q)]c^o 
versus q^  and [KC/Rw(q)]e^o versus C. The static LLS results are summarized in 
Table 4.3.1. The positive A2 values indicate that THF is a good solvent for the both 
polyimides at 30 °C. The 6FDA-1, 6FDA-2, HF-1, HF-2 and HF-3 chains are so short 
that Rw(0) practically shows no angular dependence and their <Rg> values cannot be 
accurately determined. The calibrations，for 6FDA-PFMB: <Rg> (nm) = 3.87 x 10" 
2M/568, and for HFBPDA-PFMB: <Rg> (nm) = 2.24 x lO'^ Mw^ "^ ^^  were established 
where the <Rg> values of 6FDA-1, 6FDA-2, HF-1, HF-2 and HF-3 are estimated 
from their corresponding <Rh> values and their corresponding average value of the 
ratio <Rg>/<Rh>. 
Figure 4.3.3 shows a typical measured intensity-intensity time correlation 
function for the both polyimides in THF at 0 = 30° and T = 30 °C. It is known that for 
a polydisperse sample g(i)(t,q) is related to the line-width distribution G(T) by eqn 
A.2.19. The Laplace inversion program CONTES[ equipped with the correlator was 
used in this work to convert G(2)(t,q) to G(r) on the basis ofeqs. A.2.17 and A.2.19. 
The left insert in Figure 4.3.3 shows a typical G(F). The line width r usually depends 
on both C and q eqn A.2.20. The values ofD，/，and karespectively obtained from the 
plots (r/q2)c—o,e—o，(F/q^ )c^ o versus q^  and (r/q )^e^o versus C are also listed in Table 
4.3.1. No angular dependence of (r/q^) is observed in some low molecular weight 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































because the size of polymers is so small that the contribution of internal motions to 
the relaxation is insignificanti3，i4. in a good solvent (A2 > 0)，F/q^  is less dependent on 
C than Rw(0) because of a partial cancellation of the thermodynamic term 2A2Mw by 
the hydrodynamic interaction (CoNARh^Mw). In the case ofC �l O ] and 0 < 30。，(1 + 
kdC)(l +/<Rg2>zq2)�1, so that F/q^ = D and G(F) can be directly transformed into a 
translational diffusion coefficient distribution G(D) or a hydrodynamic radius 
distribution f(Rh) using the Stokes-Einstein equation: D 三 kT/(67cr|Rh), where k, T， 
and T|, are the Boltzmann constant，the absolute temperature, and solvent viscosity, 
respectively. 
The right insert in figure 4.3.3 shows a typical translational diffusion coefficient 
distributions G(D) ofthe both polyimides fractions in THF at T = 30�C. From each 
G(D), we were able to calculate a z-average translational diffusion coefficient 
<D> [ = i^ G(D)D dD] and an average hydrodynamic radius <Rh> after replacing D 
in the Stokes-Einstein equation with < D > . The values o f < D > , <Rh>, and <Rg>/<Rh> 
of both polyimides fractions are also summarized in Table 4.3.1. The ratio of 
<Rg>/<Rh> are in the range of �1.7 - 1.9，higher than � 1 . 5 predicted for 
monodisperse random coil chains^^ but close to � 1 . 8 4 predicted for random coil 
chains with a polydispersity index (MwMn) o f �2 . 
Figure 4.3.4 shows log(<D>) is a linear function of log(Mw.) of 6FDA-PFMB 
and HFBPDA-PFMB respectively. The solid lines represent a least-square fitting of 
<D> = <kD>Mw_<ao> with, for 6FDA-PFMB: <ko> = 2.13 x 10^ and <ao> 二 0.560， 
and for HFBPDA-PFMB: <ko> = 3.99 x 10^ and <ao> = 0.621, where < > means 










































































































































































































































































































































D and M for monodisperse species. The value of<otD> ofHFBPDA-PFMB is greater 
than that of6FDA-PFMB which means that the HFBPDA-PFMB chains in THF at T 
= 3 0 � C has a more extended conformation. 
Knowing k^ and OCD，we can calculate Mw by eqn 2.5.7 from G(D) in dynamic 
LLS. If approximating ko and a^ with <ko> and <ocD>, we found that the calculated 
values of Mw of both polyimides fractions are much smaller than the values of Mw 
directly measured in static LLS. This disagreement is understandable because <ko> 本 
kc and <ocD> 本 ao for the moderately distributed 6FDA-PFMB and HFBPDA-PFMB 
fractions. 
Section 2.5.3 has shown a method of combining static and dynamic LLS results 
to obtain ko and ao from the measured values of Mw and G(D). Using this 
combination method, we found that, for 6FDA-PFMB: ko = 2.41 x 10"^  and a^ = 
0.564, and for HFBPDA-PFMB: ko = 6.16 x 10'^  and ocD = 0.656. These pairs ofkD 
and ocD define the calibrations between D and M for monodisperse 6FDA-PFMB and 
HFBPDA-PFMB in THF at T = 30 °C, shown in Figure 4.3.4 by the dotted line. With 
this pair ofko and otD, we converted each G(D) to a corresponding fw(M). 
Figure 4.3.5 and 4.3.6 show molar mass distributions fw(M) of five 6FDA-
PFMB and seven HFBPDA-PFMB fractions. From each fw(M), we calculated a 
corresponding weight-average molar mass (Mw)caicd and polydispersity index M^Mn 
and MzMw ,which are also listed in Table 4.3.1. The calculated values of (Mw)caicd 
agree well with the measured values ofMw from static LLS. The values ofMwMn < 2 
are expected since the both polyimides were made by polycondensation. We can 
estimate the persistence length (q) on the basis of Kratky-Porod wormlike chain 

















































































































































































































the projected length ofthe monomer unit and n (= M^M^) being the average number 
of the monomers unit of polymer chain. In these case, 4 and M � a r e , for 6FDA-
P F M B : � 2 . 1 8 nm and 728 g/mol respectively, and for HFBPDA-PFMB:�2.08 nm 
and 714 g/mol respectively. Strictly speaking, we should use n = (MzMw)(MwM)) 
since <Rg> measured in static LLS is a z-averaged parameter. The values of q 
estimated from the values of<Rg^> and Mw of6FDA-PFMB and HFBPDA-PFMB are 
� 3 . 3 nm and � 4 . 5 nm respectively. In comparison with the value of q �1 nm for 
typical flexible polymers, such as polystyrene and polymethyl methacrylate in good 
solvent, the both polyimides chains have a more extended conformation in THF at 30 
°C. The extended conformation can be attributed to the rigid segments in the 
backbone. It is also possible that the extended conformation is related to the excluded 
volume effecti6. Eq 2.4.10 shows that when L/q — 0, <Rg^> — V/l2 and the 
polymer becomes a rigid rod; on the other hand, when Vq » 1, the polymer chain 
becomes a coil and <Rg^> = <h^>/6, where <tf> (= 2qL) is the mean square end-to-
end distance of the polymer chain. Assuming the both polyimides chains have a coil 
conformation, the estimate ofq from <Rg^ > through <h^> are �3 . 3 nm and � 4 . 5 nm 
for 6FDA-PFMB and HFBPDA-PFMB, respectively，which are very close to the 
results calculated on the basis of eq 2.4.10，implying that the both polyimides chains 
have an extended coil conformation. 
The coil conformation can be attributed to the rotating joints, such as -0-, -S_,-
CH2-, and a single bond between the rigid-rod segments^ '^^ .^ Since the flexibility 
contributed by -CH2- is normally greater than that by a single bond. Therefore, the 
coil conformation ofthe HFBPDA-PFMB chain is more extended which is supported 
by the higher persistence length and the greater values of the exponents of the 
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calibrations ofHFBDPA-PFMB. 
Figures 4.3.7 shows a comparison of the chain dimensions of 6FDA-PFMB and 
HFBPDA-PFMB with polystyrene in good solvent. The comparisons were calculated 
by the calibrations <Rg> �N and <Rh> �N ofthe polymers where N is the average 
number of C-C bonds of the polymer chain. The average number of C-C bonds per 
monomer unit are 2, 14.2 (2.18 + 0.154) and 13.5 (2.08 + 0.154) for polystyrene, 
6FDA-PFMB and HFBPDA-PFMB respectively. The calibrations are, for 
polystyrene'', Rg (nm) = 1.13 x 10"V-'' ' and R^ (nm) = 9.77 x lO^W"'''; for 6FDA-
PFMB: Rg (nm) = 3.62 x 10"W ' ' ' and Rh (nm) = 2.17 x lO—iN .^^ ; for the HFBPDA-
PFMB: Rg (nm) = 2.69 x 1 C W ' ' ' and Rh (nm) = 1.51 x 1CW"'''. The ratios ( � 2 ) 
indicate that the coil conformation of the both polyimides is more expanded than that 
of polystyrene. This expansion is attributed to the excluded volume effect and the 
chain stiffness. <Rg>2/<Rg>p and <Rh>2/<Rh>p is higher than <Rg>i/<Rg>p and 
<Rh>i/<Rh>p respectively which indicates that the HFBPDA-PFMB chains are more 
extended than the 6FDA-PFMB chains. It is noted that <Rg>i/<Rg>p and <Rg>2/<Rg>p 
are higher than <Rh>i/<Rh>p and <Rh>2/<Rh>p respectively which reveals that both 
<Rg>i/<Rh>i and <Rg>2/<Rh>2 are higher than <Rg>p/<^>p. This again means that the 
both polyimides chains are more expanded than polystyrene in good solvent. 
4.4 Conclusion 
A combination of static and dynamic laser light scattering (LLS) studies of 
6FDA-PFMB and HFBPDA-PFMB in THF at 30 °C shows that i) the persistence 
lengths {q) of 6FDA-PFMB and HFBPDA-PFMB are � 3 . 3 nm and � 4 . 5 nm 





































































































































































































































































and D can be scaled to the molar mass as for 6FDA-PFMB: <Rg> (nm) 二 3.87 x 10" 
2M/568, <Rh> (nm) = 2.38 x 1 0 " W ' ' ' and D (cm'/s) = 2.41 x W^U^' ' ' ' ' , for 
HFBPDA-PFMB: <Rg> (nm) = 2.24 x W^Uj-^^^ <Rh> (nm) = 1.27 x 10"^ Mw^ -^ ^^  and 
D (cm2/sec) = 6.16 x 10'^  x M''-'^^ respectively; iii) both 6FDA-PFMB and 
HFBPDA-PFMB chains have an expanded coil conformation; and iv) the HFBPDA-
PFMB chains are more extended than the 6FDA-PFMB chains because HFBPDA-
PFMB chains contain a less flexible single bond joint instead ofamore flexible -CH2-
joint in 6FDA-PFMB chains. Using the calibration between D and M，we have 
successfully converted each translational diffusion coefficient distribution into a 
corresponding molar mass distribution, which demonstrates that the molar mass 
distribution of6FDA-PFMB and HFBPDA-PFMB can be easily characterized in LLS 
using only one dilute solution measured at one scattering angle. 
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Chapter 5 
Characterization of novel optically active conjugated 
polyarylenes and poly(aryleneethynylene)s by a combination of 
Laser Light Scattering and Gel Permeation Chromatography 
5.1 Introduction 
Recently, the investigation of conjugated polymers has attracted much interest 
because of their useful properties, such as electroluminescence, non-linear optical 
properties, and high conductivity upon dopping/ However, only few studies of 
optically active conjugated polymers in solution have been reported,^ "^ which might be 
due to their poor solubility. In the past, the chirality of most optically active 
conjugated polymers was attributed to their optically active side groups, such as a 
polyacetylene with optically active alkyl g r o u p s ? In this study, several novel soluble 
optically active conjugated polyarylenes and poly(aryleneethynylene)s, which were 
prepared through a coupling of chiral binaphthyl monomers with various l i n k e r s , ? 
were studied. The chirality was originated from a restricted rotation of the binaphthyl 
units in their backbone chains. These novel polymers have a high thermal stability. 
Moreover, they are highly fluorescent and able to emit blue light when irradiated. 
Recently, it has been shown that polybinaphthol, one of these optically active 
conjugated polymers, is an excellent polymeric Lewis acid catalysts for the 
Mukaiyama aldol reaction of benzaldehyde and 1 -phenyl-1 -(trimethylsilyloxy)-
ethylene.8 The optimization of the synthesis and development of various applications 
of the novel polymers requires the characterization of their molecular parameters, 
such as molar mass distribution and chain flexibility. 
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Gel permeation chromatography (GPC) as a convenient analytical method has 
been widely used in polymer research and development to determine the molar mass 
distribution ofagiven polymer. The calibration ofa GPC column normally requires a 
set of narrowly distributed polymer samples which are rather difficult, if not 
impossible, to obtain in practice. This is why polystyrene standards are often used if 
the polymer studied has a similar chain conformation in solution. However, in this 
study, the chain conformations of polyarylenes and poly(aryleneethnylene)s are 
expected to be quite different from that ofpolystyrene. Therefore, we have to adopt a 
recently developed method ofcombining the LLS and GPC results of only one sample 
to calibrate the GPC columns which has been discussed in chapter 2. Eight different 
polyarylenes and poly(aryleneethynylene) samples were investigated and their 
molecular structures are as follows: 
NO 
d ^ , 
< r ^ < _ > < X 
I f W _ 
OR RO OR RO OH HO 
(1) (i^)-Hu-l-129 (3) (i^)-Hu-l-211 (5) (i^)-Hu-l-215 





d d ^ 
< A < A 
W W 
OR RO OR RO 
(6) i^ac-Ma-l-159 (7) i^ac-Ma-l-157 
R=Ci8H37 R=Ci8H37 
NC>2 





where (R) and Rac stand for the optically active and inactive polymers respectively. 
Polyarylenes and poly(aryleneethynylene)s are soluble in various organic solvents such 
as THF and chloroform in spite of their rigid backbone chain structure. It is due to the 
reduction ofthe %-% stacking by the nonplanarity ofthe binaphthyl groups. 
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5.2 Sample preparation 
The samples synthesis is briefly outlined as follows. Firstly we prepared the 
optically active and optically inactive (racemic) binaphthyl monomers. For (1), (2), 
(6)，(7) and (8), Palladium-catalyzed Suzuki coupling of their corresponding optically 
active monomers of different linkers leads to an optically active conjugated polymer. 
For (3), (4) and (5), coupling of optically active monomers in the presence ofbis(l,5-
cyclooctadiene)nickel(0) gives an optically active polymers. With the same methods, 
coupling ofracemic monomers leads to an optically inactive polymer. The chirality is 
arisen from the well-ordered arrangement ofbinaphthyl groups in the backbone which 
is achieved by the regioselectivity of the catalysts and the restricted rotation of the 
binaphthyl groups. The propagation of the backbone of optically active polymers is 
like a coil. The sample synthesis has been detailed before,，工。,丄丄 Analytical grade THF 
dried by sodium immediately prior to the sample preparation was used as solvent for 
all the polymers except (7^)-Hu-l-215 for which 1 M NaOH was used as solvent 
because it is insoluble in THF. The solution concentration was in the range 4 x 10"^  - 3 
X 10_3 g/mL. All the polymer solutions were clarified by 0.5^im PTFE filters at room 
temperature. 
5.3 Results and Discussion 
Figure 5.3.1 shows the concentration dependence of [KC/Rw(q)]q^o 
respectively fori?ac-Hu-l-130 and (i^)-Hu-l-211. According to eq A.1.29, M^, <Rg> 
and A2 can be obtained from the extrapolation of [KC/Rw(q)]c^o,q^o, [KC/Rw(q)]c^o 
versus q^  and [KC/Rw(q)]q^o versus C，respectively. The LLS results are summarized 
























































































































































Table 5.3.1 Summary of Static and Dynamic Laser Light-Scattering results of 
polyarylenes and poly(aryleneethynylene)s in THF at 25°C 
Mw lO^A2 10^<D> <Rh> dnAlC Mw,sEc 
Sample (g/mol) (mol-cmVg^) (cm^/s) (nm) (mL/g) (g/mol) 
(7^)-Hu-l-129 12200 � 0 178 2.59 0.250 ； 10100 
i^ac-Hu-l-130 7780 1.40 232 1.98 0.250 6300 
j 
(i^)-Hu-l-211 7130 -2.86 202 2.28 0.291 6400 
i^ac-Hu-l-209 5930 -6.27 205 2.24 0.291 7400 
i?ac-Ma-l-159 13800 -6.24 168 2.74 0.255 11600 
7^ac-Ma-l-157 12400 2.66 142 3.24 0.267 10500 
(i^)-Ma-l-148 22000 5.15 210 2.19 0.215 7200 
The relative errors: Mw, 土 5 %;八2, 土 20 %; <D> and <Rh>, 士 5 %; dn/dC, 土 0.002 
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dependence and no values of <Rg> were obtained. The positive and negative values of 
A2 respectively indicate that THF is a good solvent for (Rac)-Bu-l-l30 and Rac-Ma-
1-157, (i?)-Ma-l-148 and (7^)-Hu-l-215 and a poor solvent for (i^)-Hu-l-211 and 
i^ac-Hu-1-209 and Rac-Ma-l-l59. It is clear that introducing the -NO2 groups can 
promote the solubility in THF. 
Figure 5.3.2 shows a typical intensity-intensity time correlation function of (R)-
Hu-1-129 in THF at 25 °C，where the insert shows a corresponding line width 
distribution G(T) calculated on the basis of eq A.2.19 by using the CONTE^ program. 
It is surprising to find that G(r) is narrow for all the polymers studied and the relative 
width pi2/<r>2 is in the range of 0.2 �0.3，where [i2 = j ^ G ( r ) ( r - < r >)^dF and 
<r> = J^G(r)rdr. The Une width r can be further converted to the translational 
diffusion coefficient D on the basis ofeq A.2.20. In the case of C �1 0 ' 4 and 6 < 30。， 
(1 + kdC)(l +/<Rg2>zq2)�1 so that F/q^ « D. G(r) can be directly converted into a 
translational diffusion coefficient distribution G(D). 
Figure 5.3.3 shows translational diffusion coefficient distributions G(D) of 
polyarylenes and poly(aryleneethnylene)s in THF at 25°C. G(D) can be further related 
to a hydrodynamic radius distribution f(Rh) using the Stokes-Einstein equation: D 三 
kT/(67cr|Rh), where k，T， a n d r|, are the Boltzmann constant, the absolute 
temperature, and solvent viscosity, respectively. All dynamic LLS results are also 
summarized in Table 5.3.1，where <D> = [«[�" G(D)D dD] and <Rh> = 
kBT/67cr|<D>. The small values of <Rh> indicate that all the polymer chains are short, 
which are consistent with their low molar masses. 









































































































































































































































































































































































































































solution, evidenced by a bimodel hydrodynamic radius distribution shown in Figure 
5.3.4. The first peak located in the range of 1-9 nm represents individual polymer 
chains and the second peak located at -100 nm could be attributed to either the 
aggregation of individual polymer chains or possible electrostatic interaction between 
the hydroxyl groups ionized in the strong base solution. However, we found that 
adding O.lM NaCl into the solution to increase the ionic strength of the solution has 
no effect on f(Rh), which indirectly indicates that the second peak is related to the 
aggregation. It is interesting to note that the only difference between (i^)-Hu-l-211 
and (7^)-Hu-l-215 is that the -OAc groups have been replaced by the -OH groups. 
For comparison, the values of M^ from GPC in which polystyrene standards were 
used to calibrate the columns are also listed in Table 5.3.1. Except in the case of (R)-
Ma-1-148，LLS gives a larger M^ than SEC, indicating that using polystyrene to 
calibrate the GPC columns is improper because the polyarylene and 
poly(aryleneethynylene) chains are more rigid. The LLS study of other 
poly(aryleneethynylene)s also showed a similar r e s u l t . Considering the results of(iQ_ 
Hu-1-211 and Rac-Bu-l-209, we think that the LLS results are more reasonable 
because the variation of Mw, A2 and Rh is consistent; namely, A2 increases and Rh 
decreases as Mw decreases. Ideally, we should use a set of samples with different 
molar masses, but the same chemical structure, to calibrate the GPC columns. 
However, in this study, we failed to obtain different molar masses for each sample 
since the synthesis is rather difficult. 
In order to obtain a proper calibration of the GPC columns from only one 
polymer sample, we used a method of combining the off-line LLS and GPC results 













































































































column, but also obtain the calibrations: V=A+B log(M) and D=kjyM~^^. 
Table 5.3.2 summarizes the values of A, B，kD and ocD. The fact that ao = 1 
indicates that the polymer chains have a rigid conformation. This is expected because 
the conjugated backbone chains with the bulk binaphthyl groups are so short (10 ~ 20 
monomer units) that they are not flexible. Moreover, it is worth noting that the 
calibration parameters are similar, which can be attributed to a similar rod-like 
structure of these conjugated polymers. 
Once having A, B，ko and otD，we were ready to convert either G(D) or C(V) 
into a corresponding molar mass distributions Fw(M). Figures 5.5 and 5.6 respectively 
show such calculated molar mass distributions from G(D) and C(V), respectively. It 
should be stated that the difference in the low molar mass tail of the distributions 
presented in Figure 5.5 and 5.6 is due to the fact that the LLS detector is not able to 
"see" the lower molar mass portion because the scattered light intensity is 
proportional to M .^ The polydispersity index (M^Mn) calculated from the Fw(M)s in 
Figures 5.5 and 5.6 are also summarized in Table 5.3.2. Both the values ofMw and 
MwMn calculated from G(D) and C(V) agree satisfactorily well with each other. 
5.4 Conclusions 
It is clear that using polystyrene to calibrate the GPC columns for the 
characterization of the molar mass distribution of polyarylene or 
poly(aryleneethynylene) can lead to an improper M^. A combination of laser light 
scattering and gel permeation chromatography has established the calibrations of V = 
A + Blog(M) and D = ko M'"° for polyarylene and poly(aryleneethynylene) in THF at 










































































































































































































































































































































































































































































































































































































































































































of polymers. Our results reveal that polyarylene and poly(aryleneethynylene) have a 
rigid chain conformation in THF. Introducing the -NO2 groups into polyarylene and 
poly(aryleneethynylene) increases its solubility in THF at 25°C. The calibrations o fD 
=koM""^ established in this study are independent of a particular light scattering 
instrument and ready to be used in future to characterize similar polyarylene and 
poly(aryleneethynylene) as long as THF is used as solvent and temperature is 25°C. 
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Appendix 
A.1 Static laser light scattering (Static LLS)^ "^  
The electric field of a light wave acting on a particle causes it a induced dipole 
that oscillates with the same frequency as the incident light. The oscillating dipole 
produces a secondary oscillating electric field which radiates a light wave. This 
phenomena is so-called scattering. 
A.1.1 Scattering from a small particle: If we assume the single particle is optically 
isotropic with polarizability a，and the particle is in vacuum and is much smaller than 
the wavelength Xo ofincident light (<<XJ20). Then intensity of the scattered light is 
found to be 
l6n^a^ T “ 1 1、 
I = ~ " : r ^ l ^ (A.1.1) 
s r^x\。 
where I�and r are the intensity of the incident light and distance from the particle to 
the detector respectively. In our discussion, both incident light and scattered light are 
vertically polarized. A variable, Rw, is more commonly used and is defined as 
I , r ' 167iV 
R w = " ^ = ~ ^ (A.1.2) 
where the first subscript 'v' means the incident light is vertically polarized and the 
second subscript 'v' means the scattered light is also vertically polarized. It is called 
the Rayleigh ratio because it is defined by Rayleigh. Rw is a constant for a given 
particle in the same experimental condition. 
A.1.2 Scattering from a large particle: If the size of a particle is comparable to the 
wavelength of the incident light (>V20), the particle can be treated to contain n 
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scattering points which have the same polarizability a�（a = noto) and are much smaller 
than Xo. Then the electric field ofthe scattered light at the detector is the vector sum 
of that of individual scattering points as shown in Figure A.1.1. They arrive at the 
detector with different phases and there always exists an destructive interference 
except the detector is placed at zero angle. The Rayleigh ratio for the whole particle is 
R w = l ^ I I c o s ( c p i - c p j ) (A.1.3) 
^0 i=lj=l 
where q)i and q)j are the phase difference of the light wave scattered by ith and jth 
scattering points with respect to some reference wave. If the particle is very small, q)i 
and 9j are the same so that eqn. (A.1.3) is reduced to eqn. (A.1.2). According to 
Figure A.1.1, the path difference oflight scattered by two scattering points is 
Aij = A j - A i =(a + k p . r i j + b - k s . r i j ) - ( a + b) = k . r j j (A.1.4) 
where kp and K are unit vectors along transmitted beam and along scattered beam 
respectively, rij is the position vector from point i to point j and the vector k = k -^kp 
and |k| = k 二 2sin(0/2). The phase difference of the two scattered beams is related to 
Aij as 
9i - 9j = 27cAij/Xo (A.1 .5) 
Combining eqs. (A.1.3 �A . 1 . 5 ) and averaging cos(q)i - q)j) for all orientations of the 
position vector r!j with respect to the vector k due to the fact that the orientation of 
the particle changes randomly with time, we obtain 
167i^a^ n ^ sin qr：： 
R ^ = i ^ I I ^ (A.1.6) 














































































































where q is the scattering vector (47isin(9/2)/X,). It is obvious that Rw is a function o f0 
and it becomes a constant (Ro: 167iV/>.o^) for all particles of the same polarizability 
irrespective of their size near to zero angle. Therefore, a new function P(0), namely 
particle scattering factor, is defined as 
Ti 1 n n sin qr：： 
P(9) = | ^ = 4 2 S ^ (A.1") 
“ n i=ij=i qfij 
eqn. (A.1.7) can be expanded into a Taylor series (sin x 二 x - x"6 + ...) and we only 
keep the first two terms in the expansion owing to small value ofqry, the expression is 
then changed to 
P(e)= - ^ t t v | (A.1.8) 
6n i=ij=i 
As Fij is related to the radius ofgyration in the following expression 
i £ S = 2 n ^ R | (A.1.9) 
i - l j = l J 
Combining eqs. (A.1.8) and (A.1.9) yields 
2 2 
p(e)= - ^ (A.i.io) 
IfP(0) is measured at different q，Rg can be easily obtained. It should be noted that 
the size ofparticles measured by static laser light scattering is an absolute method that 
requires no calibrations. We will see that the size of particles can also be found by 
dynamic laser light scattering without calibration. 
A.1.3 Scattering by macroscopic systems (gas and liquid) and Theory of 
Fluctuations: Considering a system is homogenous, it then can be divided into many 
identical subregions which are optically identical and act as scattering points smaller 
than the wavelength ofthe light. The light scattered by every subregions will interfere. 
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It is obvious that each subregion can always be paired with the others whose scattered 
/ 
electric fields are identical in amplitude but opposite in phase and will eventually 
cancel each other. In summary, no scattered light is observed in all direction except 
the zero angle. 
In reality, no system are perfectly homogeneous. The properties of individual 
subregions fluctuate from the average properties. Therefore, the light scattered by 
each subregions does not have the same amplitudes and hence, it will not totally 
canceled by interference. Considering every subregion has a dielectric constant 8 
embedded in a homogeneous medium with dielectric constant s�and adopting the idea 
of interference in the previous section, we can obtain the Rayleigh ratio per unit 
volume in terms of the mean of the square of the fluctuation of dielectric constant 
(58)^or(8-8o)^ 
R w = ^ ^ (A.1-11) 
^0 
where V is the volume of a subregion. Now we attempt to calculate the average 
fluctuation (5e)^ in a subregion of size V. According to the theory of fluctuations, the 
system is allowed to spontaneously increase its Helmholtz free energy A and the time 
average fluctuation ofHelmholtz free energy 5A is expressed by 
一 kT 
5A = - (A.1.12) 
2 
The fluctuation is measured from the lowest value of A, therefore the time-average 
value is always positive. Other independent variables (denoted by b) can fluctuate as 
well to the extent ofproducing 5A. The relationship between (5b)2 and A is given by 
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W kT 
(5b)2 ： .—— — z (A.1.13) 
( d〜 / d b 2 ) b = b。 
where free energy A is a function of any independent variable of interest b and is 
always at a minimum as the property of interest b is equal to bo. 
A.1.3.1 Scattering by gases and liquids: When dealing with one-component gases 
and liquids, it is common to choose density p and temperature T as independent 
variables. For multicomponent systems such as polymer solution, polymer 
concentration have to be considered. Using eqs. (A.1.13) and thermodynamic 
relationships, fluctuation ofdensity is easily obtained as 
^ = ^ (A.1.14) 
where V is again the volume of the subregion and P is its isothermal compressibility. 
Using the relationship between (5s)2 and (5p)^ ,  
广、2  
( 5 s ) 2 = f (5p)2 (A.1.15) 
vdpy 
eqs. (A.1.11) and (A.1.14), we can obtain an general expression ofRayleigh ratio for 
gases and liquids in which only density fluctuation is considered 
kTpp^7i^ (d8^ ,A 1 1乙、 
R w = - ^ ^ y - (A.1.16) 
X% W 
Ifwe transform 8 into n^  by 8 = n ,^ we get 
_ 4 k T P n ^ p V r d n V 
R v v - ^4 U p J ( ) 
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It is believed that the dielectric constant does not change with temperature at constant 
/ 
density. Therefore the fluctuation of temperature does not cause fluctuation of the 
dielectric constant and does not raise scattering. 
Scattering by gases: For dilute ideal gases, dielectric constant is 
s = l + 47caN (A.1.18) 
and the density of a gas is 
p = f (A.1.19) 
By applying eqs. (A. 1.18)，（A. 1.19) and the definition of P ( = l/NkT) for an ideal gas 
into eqn. (A. 1.16) gives 
4 2 N16jc a . . 1 … 
R v v = — — 4 “ ^ (A.1.20) 
^0 
It is noted that the scattered intensity of an ideal gas is equal to the sum of the 
intensities scattered by individual molecules. This sample summation is only achieved 
in the condition of all individual scattering subregions being totally independent of 
each other. 
Scattering by liquids: Molecules ofliquids are not independent of each other. Total 
scattered light intensity is less than the sum oflight scattered by individual molecules. 
The Rayleigh ratio is given by eqn. (A.1.16) or (A.1.17). Another source of 
fluctuation exists in liquids is the molecular orientation. This molecular orientation 
fluctuation leads to depolarized anisotropic scattering in which the direction of 
polarization of scattered field is not exactly vertically polarized when vertically 
polarized incident beam is used. 
A.1.4 Scattering by solutions of small molecules: If we are only interested in the 
properties of solute molecules in the solution，we only consider the light scattered 
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from the source ofthe fluctuation ofconcentration of solute molecules in the solution. 
/ 
The fluctuation of dielectric constant which can related to the fluctuation of 
concentration is expressed by 
ds dn ^ dn ^ , . . . , � 
5s 二 - - 5 c = 2 n - 5 c (A.1.21) 
dn dc dc 
The fluctuation of concentration is related to thermodynamic terms by eqn. (A. 1.13) 
. . � 2 kTM24>l /A 1 ” � 
(5C2) = — y^~~\ {AA.22) 
(d\X2/dC2hj 
where m chemical potential; ‘ volume fraction; c，concentration; M, molar mass. The 
subscript 2 refers to the solute molecules. Combining eqs. (A.1.21) and (A.1.22) into 
eqn. (A. 1.11) gives the Rayleigh ratio arisen from the fluctuation of concentration 
_47 iVM2(^ i rdnY kT 
K w - 4^^  ldcJ (a^2/ac2)p,T • ‘ 
or simply 
RT 
R v v = K M h ^ ^ ^ ^ 7 ^ (A,1.24) 
4兀2打2�dnY 
where K= . Ifthe solution is dilute enough, we can assume that the light 
NA:^t)�dcy 
scattered from a solution is composed of anisotropic scattering and density scattering 
from the solvent, and scattering by the fluctuation of solute concentration c. 
Therefore, in the experiment, the measured R w , s� iut i�n have to be subtracted by Rw,soivent 
so that the difference consists only the part from the fluctuation of concentration. The 
difference is called excess Rayleigh ratio ARw After replacing the derivative of 
chemical potential by its virial expansion 
69 
学 )= R T - ( l + 2A2MC+...) (A.1.25) 
ccJ^ J / c 
we get after rearrangement, 
K > 1 
^ ^ = ^ + 2A2C (A.1.26) 
A R v v M ‘ 
Kc/ARw is plotted against c where ARw is measured in different concentrations in the 
experiment, then M and A2 are calculated from the y-intercept and slope respectively. 
A.1.4.1 Scattering from polymer solution: Polymers are normally large compared 
to the wavelength ofthe light used. The particle scattering factor mentioned in section 
(A. 1.2) have to be introduced in eqn. (A. 1.26). Here we get 
^> 1 
- ^ = - ^ + 2A2C (A.1.27) 
ARvv MP(0) 2 
or simply 
- ^ = l f l + \ q ^ R i l + 2 A 2 C (A. 1.28) 
A R v v M ^ 3 4 g ) 丄 
where P(6)"^=l/(l-q^g^/3)^l+q^gV3 ifq^g^ « 1. In polymer science, it is common 
to treat polymers as polydisperse species. Therefore, eqn. (A.1.28) should be modified 
to 
jCr 1 f 1 ) 
~ ^ = 丄 1 + V < R ^ >z + 2 A ^ c (A.1.29) 
A R ^ M , ^ 3 ^ g zJ 
where Mw, <Rg^ >z^ ^^  (or simply <Rg>) and A2 are weight-average molar mass, root 
mean square z-average radius of gyration and second virial coefficient respectively. 
Eqn. (A.1.29) has three variables, Kc/ARw, q^  and c，which can be plotted in a xy 
plane by the means ofZimm plot. By measuring ARw in a set of q and c, we can plot 
Kc/ARw versus q^+PiC where Pi is a adjustable constant which makes the plot more 
nice. From the plot, Mw is just the intercept [Kc/ARw]c^ o. q^ o. Rg and A2 can be 
70 
1265 obtained from the slope of the lines of the plots [Kc/ARw]c^o versus q and 
/ 
[Kc/ARw]q^o versus c respectively. 
A.2 Dynamic laser light scattering (Dynamic LLS) 口’彳 
As mentioned in the beginning of this chapter, the scattered light is slightly 
higher or lower than the original incident light frequency depending on whether the 
scattering points move towards or away from the detector which is the same case as 
the Doppler effect, or in other words, the frequency of the scattered light is slightly 
broader than that ofthe incident light. It is very difficult to detect this extremely small 
frequency broadening (-10^ - 10^  Hz in comparison with the incident light frequency 
�10i5 Hz) in the frequency domain by optical system, but it can be effectively 
transformed from time domain by measuring an intensity-intensity time correlation 
function CP)(t,q). 
When the scattering molecule is undergoing Brownian motion, the position 
vector r is a function of time and a random variable and Eg has a randomly modulated 
phase. The scattered light is broadened in frequency with an optical frequency 
distribution S(o)) as illustrated in Figure A.2.1(a). Since the particle motion contains 
no preferred direction, the spectrum contains a continuous distribution of frequencies 
centered around ov The correlation function of the electric field G(i)(t) is also a 
measure of the frequency distribution and contains information on the molecular 
motion.5-8 It is the Fourier transform ofthe power spectrum S(o) 
G⑴⑴二�E:(0)Es(t)� (A.2.1) 
w h e r e � ) denotes a time or ensemble average and t is the correlation time 
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Figure A.2.1 (a) Illustrate ofan optical spectrum of scattered light; and (b) electric 
field correlation function 
‘ \ ( b ) 
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Figure A.2.2 (a) Relative integrated intensities oflight scattered from Gaussian coils 
versus x"2 (qRg) (b) Relative integrated intensities oflight scattered 
from rigid rod like polymers versus qL 
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S(o) = ^J/:G(i)(t)e-iotdt (A.2.2) 
An illustration of a scattered optical spectmm and its normalized electric field time 
correlation function is shown in Figure A.2.1(b) The broadening of the Rayleigh-
scattered light spectrum contains information on the motion of the scattering 
molecules. 
The normalized electric field correlation illustrated in Figure A.2.1(b) is 
G(i)rf) 
g ， ) = | 4 (A.2.3) 
In terms of amplitude and phase time dependence 
gW (t) = e - i o � t〈 , *，〉 ( e - _ ) - _ ) = e � t C A (t)C^(t) (A.2.4) 
{|A(0)| ) 
where A(t) is the scattering amplitude per molecule and CA(t) and C^/t) are the 
amplitude and phase correlation functions. For small molecules (radius R « q^) or 
spherical molecules the amplitude part of the autocorrelation fonction becomes 
C.( t ) = ^ = (A.2.5) 
(|A(0)| ) 
Then g("(t) carries information on the translational diffusion coefficient D through 
C^(t). This is related to the intermediate structure factor Gs(r,t), which is the 
probability offinding a particle at position r at time t ifit was at the origin at t = 0. 
c y t ) 二�e-iq.[r(t)-r(o)]�= jG“r，t)e-iq.rd3r (A.2.6) 
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where q [= (47in/Xo)sin(e/2)] is defined before, the difference between the wave 
/ 
vectors of the scattered and incident waves, ni is the medium refractive index. For 
spherical identical scatters undergoing Brownian motion in solution 
§山的=6-04216‘°1 (A.2.7) 
The associated optical spectrum is 
(r)Dq^ /71 
S ( c o ) ’ 人 2 �2 (A.2.8) 
(co-oo) +(Dq2) 
广 • 2 
which is a Lorentzian function centered at co�with a halfwidth Dq . 
The translational diffiision coefficient D may be related to the molecular friction 
factor/through the Stokes-Einstein relation 
kT 
D = y (A.2.9) 
where k and T are the Boltzmarm constant and the absolute temperature respectively. 
For a hard spherical with a radius of R, f = 67rr|R, where r| is the viscosity of the 
solvent. For a polymer coil, R is replaced with its hydrodynamic radius Rh, so that 
kT 
D = ^ ^ V " (A.2.10) 
6wT[. Rh 
where k and T are the Boltzmann constant and the absolute temperature respectively. 
When the molecular size is not much less than q"\ the scattering intensity is 
reduced by intramolecular interference. For molecules with size �l / q , the scattered 
intensity 1« proportional to the particle scattering factor P(0). For any shape of 
particle at small scattering angles, P(9) = l - q R g / 3 where Rg is the radius of 
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gyration. Ifthe molecule is not small and is not spherical or optically isotropic，then 
/ 
rotational diffusion will contribute a time dependent scattering amplitude; also for 
flexible molecules intramolecular dynamics gives a similar contribution. 
The form of the correlation function G(i) can be calculated for model systems. 
For a rod-like molecule of length L, the dynamics of the molecule will contain 
contributions from translation and rotation. The form of G(i)CO for a molecule having 
a rotational diffiision coefficient 0 is^ "^ ^ 
㊀⑴⑴=IsS(q,T) = Ise-q2D$o +3广+....] (A.2.11) 
where S� , Si ... are weighting factors as shown in figure A.2.2 (b). For qL < 3，S�(qL) 
is dominant, while for qL = 6, Si = 0.1 and is significant compared with S� . 
For a flexible coil, the form ofG(”(!）is'^  
� � �= I , P ( q , T ) = Ise-q2DT[Po + h e - M i + ] (A.2.12) 
where P。，P2 ... are weighting factors for the translational and internal modes of 
motion (figure A.2.2 (a)) and Xi is first order internal relaxation time. For qL<<l, 
Po(qL) is dominant over P2, P4,... 
AZ1 Line-width measurement: The scattered light intensity is proportional to the 
square of the time average ofthe electric field 
Scattered intensity = � I s �o c <|Es|)^ (A.2.13) 
where� ) denotes the time average. In order to measure the very small optical line-
width generated from the frequency broadening of the optical spectrum, optical 
mixing techniques^ '^^ ^ are employed. There are two basic forms of optical mixing: 
heterodyne and homodyne (self-beat). By heterodyne mixing we refer to mixing the 
scattered light with a reference light wave (local oscillator) unshifted or shifted in 
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frequency from the incident light beam. In self-beat optical mixing the scattered wave 
/ 
is not mixed with a reference signal but is directly detected. Here we just consider the 
theory of self-beat detection. In self-beat detection the intensity autocorrelation 
function is determined as 
G(2) (t) = lim ^ j_V, (0)Is (t)dt (A.2.14) T—oo 2T i 
It is the Fourier transform of the power spectrum and is readily measured by digital 
techniques. The normalized form 0fG(2)(t) is 
, � � {E!(0)E,(0)E*(t)E,(t)) � 
g(2)(t)=\ s �) s �丫 " sw/ (A.2.15) 
� I s � 
With some restrictions (such that the scattered field is a Gaussian random process)， 
the correlation functions gd)(t) and g(2)(t) are connected through the Siegert relation 
§(2)(1) = 1 + |8山(0|2 (A.2.16) 
Experimentally in self-beat dynamic light scattering the intensity autocorrelation 
function is measured as 
g(2)(t) = A[l + p|g(D(t)|2] (A.2.17) 
Here A is a measured base line and p is a geometric factor dependent on the 
coherence of detection/^ The detector has an average photocurrent <i) which is 
proportional to the average light intensity <i) o c � 1 � .S i n c e the scattered light is 
normally at low level and in the form of discrete photon pulses, the scattered signal 
and hence correlation function is most usefully recorded using digital photon 
detection. In terms of photon counts 
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g(2)W = ; ^ | n i n i + p (A.2.18) 
where t = pAt, At = channel width，N = number of correlation channels and <n)= 
average number ofphotons counted in time At. 
A 2 2 Data analysis: In the case of polydisperse systems the general form ofthe time 
correlation function is the Laplace transform of a line-width distribution function G(r) 
吕山的二{0°°0(1>-厂4� （A.2.19) 
Ifthe relaxation is diffiisive, knowledge of G(r) allows the molar mass on particle size 
distribution to be derived. The line-width r usually depends on both C and 0. This 
17 18 
dependence can be expressed as “ 
^ = D(1 + k,C)(l + fR2gq2) (A.2.20) 
q 
where D is the translational diffusion coefficient at C = 0 and q = 0，f is a 
dimensionless number, and ka isthe diffusion second virial coefficient. The value of f 
depends on the chain structure, polydispersity, and solvent quality. Both 
thermodynamic and hydrodynamic interactions contribute to ka, which can be further 
expressed as^ ^ 
kd = 2 A 2 M w - C ^ N X / M w ( A - 2 . 2 1 ) 
where Co is an empirical positive constant. 
CONTBS[, a general purpose and flexible computer program of inverting DLS 
data has been developed?� This has been widely applied in DLS studies with 
excellent results for DLS data having low noise. The program contains safeguarding 
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constraints to avoid the ill-posed nature of the inversion. An early method of analysis 
/ 
was based on a cumulant expansion�^] of the correlation fiinction 
!!!！吕⑴⑴！ = l - f t + ^ M 2 - i M ' + ^ k - 3 H 2 ] t ' + …,. 
. tm (A-2.22) 
- - l + m ? i k m ( r ) i 
j m 
where k „ = H ) m _ ^ l n | g W ( t ) | is the m^ cumulant of g("(t) and 
L dt �t=o 
^. 二 J^(r-r)' G(r)dr. Equation (A.2.22) may be fitted by a least squares routine 
to the correlation function and values for i^2, t^s, ... obtained. The average width 
r = j^ rG(r) dr is the mean relaxation time. The variance is ^ /^r】，where 
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